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AERODYNAMIC CHARACTERISTICS AT MACH NUMBERS FROM 1.6
TO 2.8 OF T4° SWEPT ARROW WINGS WITH AND
WITHOUT CAMBER AND TWIST*

By Dennis F. Hasson, Ann B. Fichter, and Norman Wong
SUMMARY

An investigation has been conducted to determine the 1ift, drag,
and pitching-moment characteristics of a cambered and twisted arrow
wing and an uncambered and untwisted arrow wing. The cambered and
twisted wing was designed to give a high value of maximum lift-drag
ratio at a 1lift coefficient of 0.1 and at a Mach number of 2.50. Each
wing had a leading-edge sweep of 7&0, an aspect ratio of 1.6, a taper
ratio of 0, and a notch ratio of 0.7l4. A 3-percent-streamwise biconvex
thickness distribution was centered on the mean camber surface of both
wings.

Tests were conducted at Mach numbers from 1.6 to 2.8 through a range
of angle of attack from -6° to 14°. The Reynolds number based on mean

aerodynamic chord was 5.0 X 106 for all tests.

The maximum lift-drag ratio at the design Mach number for the cam-
bered and twisted wing was T7.85 and, thus, was below the theoretically
predicted value of 9.10. In addition, the cambered and twisted wing had
only slightly higher values of maximum lift-drag ratio throughout the
test Mach number range than the uncambered and untwisted wing.

With the moment reference centers at 0.565 wing mean aerodynamic
chord, both wings were slightly unstable longitudinally at low 1lift
coefficients. For lift coefficients greater than about 0.1, the insta-
bility became more marked. These characteristics were obtained at all
Mach numbers at which tests were made.



INTRODUCTION

Current interest in the development of airplane configurations having
long-range capabilities at supersonic speeds has resulted in extensive
investigations of arrangements designed to produce high values of maximum
lift-drag ratio. One approach to this problem has been the utilization of
camber and twist because of the substantial gains indicated by theory.

One such configuration (ref. 1), designed for a Mach number of 3.00 incor-
porated a 75° swept, cambered and twisted arrow wing with a subsonic
leading edge and was designed to give minimum induced drag at a 1ift coef-
ficient of O0.1. At the design Mach number of 3.00, the experimental maxi-
mum lift-drag ratio, however, was below the theoretically predicted one by
about 15 percent. This difference in experimental maximmum lift-drag ratio
was attributed to the existence of supercritical flow (Mach number > 1
perpendicular to the leading edge) on the upper surface of the wing which
produced large regions of flow separation. JInsufficient sweep for the
design Mach number is a probable explanation for the existence of this
critical flow condition.

It was, therefore, of interest to utilize the foregoing information
in designing a cambered and twisted arrow wirg which would be expected to
give better correlation with theory. Thus, a T4° swept, cambered and
twisted arrow wing was designedl to give minimum induced drag at a 1lift
coefficient of 0.1 at a Mach number of 2.50, and at this lower Mach num-
ber the sweep limitations are less severe.

In the present design, the induced velocities over a large portion
of the wing span were reduced from those existing on the wing of refer-
ence 1. However, the theoretical pressure cosfficients in the vicinity
of the leading edge correspond to induced Mach numbers perpendicular to
the leading edge which are still in excess of sonic velocity. This pro-
cedure was followed because it was assumed that a low supersonic Mach
number component was allowable before a shock of sufficient strength to
cause separation and drastic changes in the 1>ading over the wing would
be produced.

The cambered and twisted wing just discussed and an uncambered and
untwisted wing of the same plan form were tested in the Langley Unitary
Plan wind tunnel at Mach numbers from 1.6 to 2.8. A 3-percent-thick
biconvex section referenced to the camber surface was employed in both
cases.

1The cambered and twisted wing reported nerein was designed at The
Martin Company (Baltimore) using the method o7 reference 2.
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SYMBOLS

Tne force and moment-coefficient data are presented about the sta-
bility axes system. The reference centers and reference planes are shown
in figure 1.

b wing span, in.
c wing mean aerodynamic chord, 15.492 in.
C local chord, in.
o ar fficient, LCL28
D ag coefficient, =
Cb,b base drag coefficient, §§E§§§£E§
cr 1ift coefficient, Légt
. ) L. Pitching moment
Cm pitching-moment coefficient,
qQS¢c
. Py - P
Cp pressure coefficient, 3
Cla lift-curve slope, per deg
L/D lift-drag ratio
oC+
__92 drag-due-to-1ift factor,
oC, Ch &t (L/D)yax - Cp py, for flat wing
cL® for (L/D)pax
M free-stream Mach number
P free-stream static pressure, lb/sq t
1<) local static pressure, lb/sq ft
q free-stream dynamic pressure, O.7pM2, lb/sq ft
- pVec
R Reynolds number, based on ¢, ==

m



S total wing area, 1.500 sq ft

A free-stream velocity

o angle of attack of reference plane, deg
ar flow angle (positive for upflow), deg

K free-stream viscosity, slugs/ft-sec

o) free-stream density, slugs/cu ft
Subscripts:

max maximum

min minimum

MODELS AND APPARATUS

Dimensional details and photographs of the models tested are pre-
sented in figures 1 and 2, and the geometric characteristics are given
in table I. The ordinates of the mean camber surface for the cambered
and twisted wing, as determined by the method of reference 2, are given
in table IT.

A 3-percent-streamwise biconvex thicknes:; distribution was centered
on the mean camber surface given in table IT. The theoretical pressure
distributions corresponding to the cambered and twisted wing at the design
conditions are given in figure 3. The wing w..thout camber and twist had
3-percent-streamwise biconvex sections and is referred to hereafter as the
flat wing.

In order to provide a balance housing on the models, it was necessary
to add small cone-cylinder bodies. The cones originated at the wing apex
and had an included angle of 9°. The body for the flat wing was placed on
the wing center line, and the body for the carbered and twisted wing was
placed below the wing with the cone tip fairec. into the lower surface of
the wing.

Forces and moments on the model were measured by means of a six-
component internal strain-gage balance. This balance was attached, by
means of a sting, to the tunnel central suppor't system.

The tests were conducted in the low Mach number test section of the
Langley Unitary Plan wind tunnel, which is a variable-pressure continuous-
flow tunnel. The test section is 4 feet square and approximately 7 feet
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in length and is equipped with an asymmetric sliding-block type of noz-
zle which allows a continuous variation of Mach numbers from 1.57 to 2.87.

TESTS

O OV

The tests were conducted at the following conditions:

Condition 1 | Condition 2 | Condition 3 | Condition b4 | Condition 5 | Condition 6

Mach number . . . . . 1.60 2.02 2.36 2.50 2.65 2.80
Stagnation pressure,

1b/sq in. abs . . . 1k.5 17.0 21.2 22.8 24 .7 2.7
Dynamic pressure,

1b/sq £t . . . . . 880 865 867 80 811 778
Stagnation tempera-

ture, OF . . . . . 125 125 150 150 150 150
Reynolds number 6 6 6 6

(vased on &) 5 X 106 5 x 106 5 x 10 5 x 10 5 x 10 5 x 10
Dewpoint, OF <-30 <-30 <-30 <=-30 <-30 <-30
Angle-of-attack

range, deg -6 to 14 -6 to 14 -6 to 14 -6 to 14 -6 to 1k -6 to 1k
Transition . . . . . Fixed Fixed Fixed Fixed Fixed Fixed

The transition strips consisted of bands of sand 1/32 inch wide
applied at 10 percent of the local streamwise chord on the wing, with a

density of 100 grains per square inch.

to 0.011 inch.

and twisted wing for the flow-visualization tests.

The grain size was 0.009 inch
The only natural-transition test was made on the cambered

The flow-visualization technique utilized a fluorescent oil painted

on the wing surface.

ence 3.

A description of this technique is given in refer-
The photographs (fig. 4) of the upper surface of the cambered

and twisted wing were made with the tunnel in operation and indicate
areas of attached and separated flow as well as the airflow direction at

the surface.

The model was translated forward and rearward in the test

section in order to obtain photographic coverage of the wing, and the
resulting photographs were pieced together to form the composite

photograph.

CORRECTIONS AND ACCURACY

The maximum deviation of local Mach number in the part of the tun-

nel occupied by the model is t0.015 from the average value given.

The

present gradients are sufficiently small that no buoyancy correction is

required.



The average angularity of the flow in the region of the model was
determined by adjusting the zero-lift angle-of-attack value for the flat-
wing model to a value of zero, and the angles of attack were corrected
accordingly. The flow angles used for the tests are as follows:

M afr, deg
1.60 0.3
2.02 .9
2.%6 1.2
2.50 .9
2.65 .5
2.80 .1

The angles of attack have also been correctec for balance- sting deflec-
tion. The data have been adjusted to the condition of free-stream static
pressure on the model base.

Based upon balance accuracy and repeatability of data, 1t is esti-
mated that the coefficients are accurate witlin the following limits:

CL, = =+ = &+ o« o s s e e e e e e e e e e e e e e e e e 10.004
Cﬁ e e e e e e e e e e e e e e e e e e e e e e e e e e . 10.0005
Ch il @ s e $0.0005
Gl » + + o e e e e e e e e e e e e e e e e e e e e ... T0.001
Wy AEE « + v o e v e e e e e e e e e e e e e e e e e e e e e 10.1

PRESENTATION OF RESUL''S

The results of this investigation are presented in the following
figures:

Figure

Estimated pressure distributions for the camoered and twisted

arrow-wing model at design cenditions . . . © e e 3
0il-flow photographs of the cambered and tWL>ted arrow-w1ng

model at design Mach number . . . . . e e i
Typical schlieren photographs of the arrow—WLng modelu at

design Mach number . . . . s e e 5
Typical schlieren photographu of the arrow-WLng model% at

various Mach numbers . . .. 6
Variation of base drag coeffchent w1th angl= of attack for

various Mach numbers . . . . e e e e e e e 7

Aerodynamic characteristics in pltch for the arrow-wing
MOAELE v v v e e e e e e e e e e e e e e e e e e e e e e e &
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Figure
Comparison of variation of l/ I, and BCD/BCL with Mach number
for the arrow-wing models . . . e e e 9
Summary of longitudinal characterlstlcs of the arrow-wing
models . . . . . . . . . . . 10
Comparison of varlatlon of CD min and (L/D ) max W1th Mach num-
ber of cambered and twisted arrow wings. Fixed transition . . 11

DISCUSSION

Performance

At the design Mach number of 2.50, the experimental maximum 1ift-
drag ratio for the cambered and twisted wing was 7.85, as compared
with a theoretically predicted value of 9.10. (This value was obtained
from theoretical calculations furnished Langley by the Martin Company.)
At the Mach number of 2.50, the experimental value for the flat wing was
T7.75. A brief discussion of possible explanations of these results fol-
lows and the results at off-design Mach numbers for both wings are given.

In figure 8(d), a comparison of the experimental and theoretical
lift and drag characteristics can be made at the design Mach number of
2.50. The theoretical lift-curve slope and value for minimum drag are
seen to be in fair agreement with the experimental values. An examina-
tion of the drag polars, however, shows the drag at any given 1lift coef-
ficient beyond (7, for Cb,min to be higher for the experimental values,
as compared with the theoretical values. This result 1s reflected in a
comparison of the drag-due-to-1lift factors aCﬁ/BCLE which were 0.60 and

0.42 for experiment and theory, respectively (fig. 9). These higher
values of experimental drag could be associated with shock formation on
the wing surface. Such a shock, since it is not included in the theory,
would produce higher drag values than anticipated. The photographs of
flow over the upper surface of the wing for fixed transition (fig. 4) and
a 1ift coefficient of about 0.15 tend to confirm this conjecture. A shock
and attendant flow separation are seen in the vicinity of the tips, and
this is the same region where large local pressure coefficients (that is,
high induced Mach numbers) are predicted by the theoretical estimates
(fig. 3). The pitching-moment curves (fig. 8(d)) provide an additional
indication of the flow separation at the tips because a definite desta-
bilizing break in the pitching-moment curves occurs at a lift coefficient
slightly below that for the flow picture. This fact indicates forward
movement of the center of pressure; that is, a loss of 1ift at the tips.
With regard to these effects, it is probable that if the wing had been



designed to keep the pressures along the leading edge in the vicinity of
the tips at or below the values for the inboard sections, the shocks and
separation would have been minimized or avoided.

The values of maximum lift-drag ratios throughout the test Mach num-
ber range for the cambered and twisted wing are only slightly higher than
those for the flat wing (fig. 10).

In general, both wings showed the usual decrease in maximum lift-drag
ratio with increasing Mach number. The values went from 8.40 and 8.10 at
M=1.90 to 7.%> and 7.30 at M = 2.80 for the cambered and twisted wing
and for the flat wing, respectively. The values of acﬁlach for both

wings (fig. 9) were lower than the values of l/CLm (which correspond

to the case of no leading-edge suction) throughout the test Mach number
range. Hence, it may be concluded that both Wwings realized some so-called
leading-edge suction.

A comparison of the cambered and twisted wings of the present inves-
tigation and those of reference 1 is given in figure 11. The new wing
designed for a Mach number of 2.50 has slightly higher maximum lift-drag
ratios in a comparable Mach number range protably because of the slightly
lower minimum drag values for the wing of the present investigation. The
difference in (L/D)max between theory and experiment for the wing of

this present investigation is not as great ac a straight-line extrapola-
tion to a Mach number of 3.00 of the (L/D)max curve would indicate for

the wing of reference 1. The decrease in the velocity component normal
to the leading edge and the reduced thickness of the new wing thus seem
to be in a direction for attaining the theoretically predicted values.

Longitudinal Stability

Examination of the pitching-moment curves (fig. 8) shows the cam-
bered and twisted wing develops positive trinming moments throughout the
1lift-coefficient range of the tests. This eiffect is favorable, since
for some static margin (that is, negative BCm/BCL) the wing would trim

at or near the lift coefficient for (L/D)max' Thus, there would be

no loss in (L/D)pax due to trimming the wirg.

With the moment reference centers at 0.°65¢, both wings were slightly
unstable longitudinally at low lift coefficients and at all test Mach num-
bers (fig. 8). Furthermore, for 1lift coefficients greater than about 0.1,
the instability became more marked. These irstabilities are associated
with the previously mentioned flow separatior on the wing tips.

(02N )
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The location of the aerodynamic center varied from 0.555¢ to 0.520¢
for the cambered and twisted wing and from 0.560C to 0.530¢ for the flat
wing in the Mach number range from 1.00 to 2.80 (fig. 10).

CONCLUDING REMARKS

At the design Mach number of 2.50, the experimental lift-drag ratio
for the cambered and twisted arrow wing was 7.85, as compared with a
theoretically predicted value of 9.10. This discrepancy was attributed
to the existence of shock formation and attendant flow separation on the
upper surface of the wing in the region of the tips. Thus, it is possi-
ble that a reduction in the pressures in the vicinity of the leading edge
(and, consequently, the induced Mach numbers over the wing) will result
in reduced separation and better correlation between theory and
experiment.

In the present investigation, the cambered and twisted wing had only
slightly higher values of maximum lift-drag ratio throughout the test
Mach number range than did the flat wing. Both wings exhibited pitch-up
tendencies at the design 1ift coefficient throughout the test Mach number

range.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., February 10, 1959.
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Figure 2.-

L-59-208

(a) Flat wing.

Photographs of the arrow-wing models.
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(b) Cambered and twisted wing.

Figure 2.- Concluded.

L-59-209
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Figure %.- Estimated pressure distributions for the cambered and twisted
arrow-wing model. M = 2.50; Z1 = 0.1.
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Figure

CL=.260

(a) Flat wing.

5.- Typical schlieren photographs of the arrow-wing models.

L-59-211
M= 2.50.

69¢-1



19

69¢-1

=.218

CL

CL=.303

L-59-212

) Cambered and twisted wing.

b

(

Figure 5.- Concluded.
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CL = 0.030; M=2.36

() Flat wing. L-59-213%

Figure 6.- Typical schlieren photographs of the arrow-wing models st
various Mach numbers.
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(b) Cambered and twisted wing. L-59-214

Figure 6.- Continued.
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(b) Concluded. L-59-214

Figure 6.- Concluded
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Figure T7.- Variation of base drag coefficient with angle of attack for
various Mach numbers.



2k

T T 08

Wing

é O Flat
#0 Cambered and twisted

TS :
i HIBHAIHIE :
it 3]
bt H
j 1

12 il : i R A

(a) M= 1.60.

Figure 8.- Aerodynamic characteristics in pitch for the arrow-wing
models.
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Figure 10.- Summary of longitudinal characteristics of the arrow-wing
models.
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NASA - Langley Field, Va.



